Abstract-The switching speed of a granular perpendicular recording medium is investigated using finite-element micromagnetic calculations. The switching behavior sensitively depends on the intergrain exchange coupling, the grain-size distribution, and the degree of alignment. of easy axes. These effects are investigated using subgrain discretization. In irregular microstructures the switching time decreases considerably with decreasing intergrain exchange.
I. INTRODUCTION
W ITH THE increase of the storage density, the data rate also becomes an important issue in perpendicular recording [1] . For data rates in the gigahertz regime, it is required to write a single bit transition in less than 1 ns. In this paper, we numerically investigate the effects of intergranular exchange, media texture, easy axes distribution, and the field profile on the switching speed. The Landau-Lifshitz-Gilbert equation is solved using a finite-element method. In addition to the results of [1] , we present studies on the effect of the distribution of the orientation of the crystal easy axes on the switching process. Furthermore, the scalar field is only applied locally, in the region of a bit cell, to the perpendicular media.
Guang and Zhu investigated the effects of intergrain exchange on the transition parameter and the cross track correlation length [2] using a micromagnetic model which treats the media, single pole head and the soft underlayer self-consistently. Zhou et al. [3] numerically treated the influence of intergranular exchange and magnetostatic interactions on the thermal stability of perpendicular media. Wang et al. [4] numerically inverstigated the effects of intergranular exchange coupling on the hysteresis properties and the readback signal in perpendicular recording. In this paper, we mainly concentrate on the dependence of the switching time on intergrain exchange and media microstructure.
II. MODELING

A. Textured Granular Hard Layer
We investigated the switching behavior for media of different grain-size distributions and grain shapes (Fig. 1) finite-element models of the microstructure of the granular recording media from two-dimensional Voronoi diagrams [5] . For both models, MT 1 and MT 2, 144 columnar grains are packed within an area of 120 nm 120 nm. The packing ratio is 0.75. Histograms of the characteristic grain-size parameters , where is the basal area of the columnar grain, are given in Fig. 1 . On average 7 nm. The layer thickness is 14.4 nm. The external field is applied locally in a region with a size of 48 48 nm (hatched region in Fig. 1 ). Each grain is further subdivided into more than 100 tetrahedral finite elements. Thus, subgrain magnetization processes are resolved on a length scale smaller than 2 nm.
Angular misorientation of the easy axis directions was modeled as a Gaussian profile with (EAD 1 and EAD 2 and (EAD 3). Typical values for the micromagnetic parameters of CoCrPt-based media are J/m J/m T for the exchange constant, the anisotropy constant, and the saturation polarization, respectively. We chose the phenomenological damping constant in the Landau-Lifshitz-Gilbert equation to be A value of this order is obtained experimentally by ferromagnetic resonance measurements [6] .
In this paper, we study switching in a model with irregularly shaped grains. The coupling strength between individual grains depends on the interface area between the grains which varies considerably. Hence, we define the exchange field parameter to be the ratio of the intergranualar exchange energy (summed over the total grain boundary area of the model) the total anisotropy energy.
B. Reversal Process
The simulations were started with a magnetization vector field which was obtained by relaxing to equilibrium from an initial configuration of parallel alignment in the -axis direction. The reversal field is always applied at an angle of 1 measured from the negative axis (the perpendicular direction) opposing the initial orientation of the magnetization. In laboratory experiments the pulse shape of the magnetic field is determined by the head geometry, head velocity, and the square-wave frequency. However, to keep things simple we chose to ramp up the field with three different functional shapes (step function, hyperbolic arc-tangent, linear ramp). We do not remove the field. Thus the zero-crossing time of the averaged z component of the polarization vector was no longer a useful definition for the switching time because, if the field had been turned off in the moment when had passed through zero, there would have been a chance that it had "swung back" instead of switching to occur. Thus, we arbitrarily chose the threshold value of which is large but still is above the saturation value of the polarization when a reversal field of is applied. The time evolution of the magnetization is calculated by solving the Landau-Lifshitz-Gilbert equation with a backward differentiation scheme [7] .
III. RESULTS
A. Nanocube Switching
To obtain a basic understanding of the influence of intergrain exchange on the switching dynamics of interacting grains we first performed switching experiments using a simple two-grain model. A reversal field was instantaneously applied to grain 1 pointing in the direction of the negative axis with a slight declination of 1 to avoid the unstable extremum. Depending on the magnitude of intergranular exchange and applied reversal field, there are three possibilities for grain 2 to react. In the strong exchange regime grain 2 follows the other one rigidly. On the other hand, if the exchange is too weak , it will not switch at all. For a transition to delayed reversal of grain 2 is observed, if . The intergranular exchange field, , is of the same order of magnitude as the applied reversal field, . Right after grain 1 has switched a rapid change in the effective field is seen as a shift in the precession frequency observed in the -component of the magnetization. Fig. 2 shows the traces of the and components of the magnetic polarizations for .
B. Granular Media
We performed switching experiments for different microstructures (easy axes distributions, grain shapes) with different ramp shapes, e.g., Fig. 3 illustrates the reversal , and large misorientation . The external field reaches its maximum, , after 0.2 ns. After 1 ns, some grains which have not switched, remain in the center of the bit cell. This effect has to be attributed to the magnetostatic interactions with already switched neighbors. The switching time decreases with decreasing intergranular exchange interactions. In the upper part of Fig. 4 , the switching time is shown as a function of the maximum applied field for different values of . For small misorientation ( as compared to ) the reversal time is considerably larger (Fig. 4 lower part) . For a stronger applied field, the switching is dominated by the external field, whereas for small applied fields we observed a strong dependence of the switching time on the media microstructure. Here, local variations of the magnetostatic and intergranular exchange interaction fields may influence the switching time.
The switching process significantly depends on the field rise time. Low intergranular exchange and a short field rise time ns lead to an unpredictable switching behavior. The switching time as function of the field strength oscillates Fig. 5 . We found that the shape of the field ramp has minor effect compared to the field rise time.
IV. CONCLUSION
The numerical studies of the switching process in granular perpendicular recording with a scalar external field show that intergrain exchange coupling can cause long switching times for a uniform microstructure. For small intergranular exchange, the switching is always small irrespective of microstructural effects. Here, the field rise time is the crucial parameter.
